In this paper, we evaluate iterative interference cancellation (IIC) as a method to remove the intrinsic interference terms in filter bank multicarrier -quadrature amplitude modulation (FBMC-QAM) systems. We propose an IIC receiver that separates the received signal into even-and odd-numbered subcarrier components and use the demodulated even-and oddnumbered subcarrier symbols to iteratively remove the effect of interference. Numerical results show that the out-of-band emission performance of the IIC FBMC-QAM system is superior to that of OFDM and conventional FBMC-QAM. Bit error rate (BER) simulation results also indicate that the proposed IIC FBMC-QAM can effectively improve BER performance under different time-varying channels.
I. INTRODUCTION
Current cellular networks, such as Long Term Evolution (LTE) and LTE-Advanced, adopt orthogonal frequency division multiplexing (OFDM) as the waveform for the air interface. However, OFDM is characterized by highly coordinated and synchronous transmissions, resulting in a high level of control overhead in the nework. With applications such as Internet of Things (IoT), the number of wireless devices is expected to grow exponentially over the next few years [1] . Hence, strict synchronization and coordination will require an exteremely large amount of control information. Also, most of these IoT applications will require asynchronous and low latency transmissions. To satisfy this surge in the number of connected devices, and the resulting increase in the amount of data handled by the network, 5G and beyond neworks will need to be highly versitile and adaptable [2] - [4] .
For the first release of 5G, 3GPP has opted for a modified version of OFDM, mainly due to its backward compatibility with the existing 4G network [5] . However, in order to support asynchronous and uncoordinated transmission in future communications networks, the new air interface must address the strict synchronization and orthogonality constraints of OFDMbased waveforms. To this end, alternative waveforms, such filter bank multicarrier (FBMC), have been proposed in the literature to combat some of the shortfalls of OFDM [6]- [10] . FBMC employs a more advanced prototype filter, instead of the rectangular pulse shape filter used in OFDM, resulting in improved frequency localization. In addition, FBMC improves
The work described in this paper was funded by the European Commission under Project ID 722788 SPOTLIGHT. spectral efficiency, compared to OFDM, by removing the cyclic prefix (CP). Offset quadrature amplitude modulation (OQAM), which modulates subcarriers by transmitting the inphase and quadrature samples with a shift of half the symbol period between them, has been adopted for FBMC in the literature. FBMC-OQAM achieves orthogonality in the real domain, with the imaginary part of the signal serving as intrinsic interference. The presence of intrinsic interference is a key drawback in FBMC-OQAM when adopted for MIMO applications. Furthermore, in the presence of multipath fading channels, the real orthogonality of FBMC-OQAM may be lost, resulting in intersymbol interference (ISI) and intercarrier interference (ICI). The use of equalization and interference cancellation has been proposed in the literature to eliminate ISI and ICI [11] , [12] . In [13] , the authors proposed an iterative interference cancellation (IIC) receiver to reduce ISI and ICI in SISO FBMC-OQAM systems. They extended their work to a MIMO-IIC approach with linear and successive interference cancellation (SIC) to reduce ISI and ICI in both MIMO-OFDM and MIMO-FBMC/OQAM systems in [14] .
Recently, the use of complex valued QAM symbols instead of OQAM has been proposed in [15] . In [15] , two different prototype filters were used for even-and odd-numbered subcarriers in order to achieve orthogonality and to remove the ISI and ICI terms. To further reduce the influence of residual interference in [15] , [16] studied a channel estimation method based on an IIC algorithm. However, the proposed systems have a higher out-of-band (OOB) emission compared to OFDM and FBMC-OQAM due to the structure of the prototype filters. The authors in [17] proposed an interference-free FBMC system, which retains the better spectral confinement of FBMC systems by transmitting information on only evennumbered subcarriers to avoid ICI.
In this paper, we propose an IIC receiver to iteratively cancel the ISI and ICI inherent in FBMC-QAM systems. The approach is to separate the received signal into even-and oddnumbered subcarrier components and use the demodulated even-and odd-numbered subcarrier symbols to iteratively remove the effect of interference. The proposed system can achieve better OOB emission while making maximum use of the available frequency resources. This also enables application of some conventional MIMO techniques in FIMC systems. The excellent spectral confinement will also improve robustness for asynchronous transmissions.
The rest of the paper is organized as follows: Section II describes the FBMC-QAM system model. Section III outlines the proposed iterative interference cancellation algorithm for FBMC-QAM. Numerical results are presented in Section IV. Section VI concludes the paper.
II. FBMC-QAM SYSTEM MODEL
At the FBMC-QAM transmitter, the QAM symbols are separated into even-and odd-numbered subcarrier symbols. Each set of symbols then goes through an inverse fast Fourier transform (IFFT) block. The output of the M/2-IFFT of the data at the m-th even-numbered subcarrier of the n-th symbol is given as The IFFT outputs are then multiplied by the prototype filter, i.e. 
where g[i] is the prototype filter with overlapping factor K. In vector form, the transmit signal for even-numbered subcarrier symbols can be expressed as
where x even n [x even 0,n , . . . , x even M/2−1,n ] and G n is a matrix whose i-th row and j-th column is given as [17] 
where [P n ] ij represents the entry in the i-th row and j-th column of a matrix P. Unlike [15] , which uses two different prototype filters for even and odd-numbered subcarrier, we employ the same prototype filter for both even and odd-numbered subcarriers. Hence, the transmit signal for odd-numbered subcarriers can be expressed as
Hence, we have the discrete-time transmit signal during the n-th time slot as At the FBMC receiver, each symbol is filtered by the prototype filter. The receiver filter is designed to be the complex conjugate of the transmit filter [18] . The filter output is therefore given by
where {·} * denotes the complex conjugate. This is given in vector form as 
The vector form of the FFT output can be written aŝ 
where
h is the multipath channel impulse response,z = Φ H G H n z n , z n [z 0,n , . . . , z M/2−1,n ] is the vector form of the additive white complex Gaussian noise and L is the length of the channel impulse response.
In FBMC systems, the prototype filters are well-localized in the frequency domain. As a result the data on evennumbered (odd-numbered) subcarriers do not cause any interference with other even-numbered (odd-numbered) subcarrier symbols. Therefore, the demodulated signal of the n-th evennumbered subcarrier symbol is given bŷ 
Similarly, the demodulated signal of the n-th odd-numbered subcarrier symbol can be expressed aŝ where I even ISI and I odd ICI represent the ISI and ICI experienced by even-numbered sub-carrier symbols, I odd ISI and I even ICI are the ISI and ICI experienced by odd-numbered sub-carrier symbols. H D , H ICI , and H ISI correspond respectively to the desired channel, the undesired channel that result in ICI and the channel from the previously decoded symbols that lead to ISI, and I is the identity matrix.
III. ITERATIVE INTERFERENCE CANCELLATION FOR FBMC-QAM
Due to the loss of complex orthogonality in FBMC-QAM, there is a high level of intrinsic interference as shown in (18) and (19) . To reduce the level of intrinsic interference and improve the bit error rate (BER) performance, the undesirable terms must be removed from (18) and (19) . In this work, we propose the use of an IIC algorithm to remove these interfering terms [13] . First, the receiver estimates the multipath channel responses H ICI , and H ISI . Then the matrix Q is computed using the filter response matrix G n and IDFT matrix Φ. Next, using the current and previous values of the demodulated even-and odd-numbered subcarrier symbols, the receiver can evaluate I even ISI , I odd ICI , I odd ISI and I even ICI as shown in (18) and (19) . Finally, the receiver can subtract the interference terms from the even-and odd-numbered data symbols, as shown in Fig. 1 . This process is repeated iteratively until a predefined number of iterations is satisfied. Algorithm 1 shows the proposed IIC procedure in pseudo code.
Since FBMC systems use no cyclic prefix (CP), the interference channel matrix H ICI = H ISI = H j ∈ C N ×N and can be expressed as
where H 1 ∈ C E×E , with E = L − 1, is given by 
IV. SIMULATION RESULTS
In this section, we present simulation results of the proposed IIC algorithm for FBMC-QAM, FBMC-OQAM and OFDM. For FBMC-QAM and FBMC-OQAM, we employ a PHYDYAS prototype filter with K = 4 for the persubcarrier filtering [8] . We considered the Extended Vehicular A (EVA) and Extended Typical Urban (ETU) channel models as specified by the 3rd Generation Partnership Project (3GPP) for LTE [19] . The simulation parameters are illustrated in Table I . Fig. 2 shows the power spectral densities (PSDs) of OFDM, FBMC-OQAM and conventional FBMC-QAM with two prototype filters, and the proposed FBMC-QAM with 512 active subcarriers out of 1024. The proposed FBMC-QAM system shows the same OOB emission performance as FBMC-OQAM. This is mainly due to the better frequency localization of the prototype filter employed for the per subcarrier filtering. The FBMC-QAM system in [15] achieve a slightly worse OOB emission performance compared to OFDM. This is because of the discontinuities in one of the two prototype filters used for the time domain subcarrier filtering. Fig. 3 and Fig. 4 illustrate the BER performance of the proposed IIC FBMC-QAM system in the 3GPP EVA and ETU channel models respectively, when 4-QAM modulated data is transmitted and one-tap frequency domain equalization is performed. We assume that the receiver has perfect channel state information (PCI) and compare our simulation with the results of the PCI interference cancellation. For the PCI implementation, I even ISI , I odd ICI , I odd ISI and I even ICI are calculated directly from the transmitted signal, instead of the estimated signal. It can be seen in these figures that the BER performance is improved after a few IIC iterations. As shown in Fig. 3 , the gap from the PCI simulation results is approximately 2 dB at the third iteration, measured at 10 −4 BER. After 5 iterations, there still remains an error floor under the LTE-ETU channel, though the error floor performance is improved after each iteration, as shown in Fi. 4. This is consistent with the results shown in [13] for both OFDM and FBMC-OQAM. Fig. 5 shows the BER performance of the IIC FBMC-QAM system with 16-QAM and Zero-Forcing (ZF) equalizer over 3GPP EVA channel. As can be observed from Fig. 5 , the error floor is improved significantly after 5 iterations. Measured at 10 −4 , the gap between 5 iterations of IIC and the PCI simulation results is less than 2 dB. This implies that 5 iterations are enough to obtain an acceptable BER performance and more than 5 iterations will not improve the performance much.
V. CONCLUSION
In this paper, we proposed the use of iterative interference cancellation to remove the intrinsic interference in FBMC-QAM systems. In order to effectively cancel the effect of interference, we proposed a receiver which separates the received signal into even-and odd-numbered subcarrier components, and uses the decoded even-and odd-numbered subcarrier symbols to iteratively cancel the interference from subsequent symbols.
Numeral simulations show that the IIC algorithm can significantly improve the BER performance of the proposed FBMC-QAM system under different time-varying channels. For example, for the case of 16-QAM in the LTE-EVA channel, it is shown that 5 IIC iterations is able to achieve near optimum BER performance. Also, the OOB emission performance is identical to FBMC-OQAM and is superior to that of both OFDM and conventional FBMC-QAM with two prototype filters. The high spectral efficiency of the proposed FBMC-QAM system make it suitable for applications that require uncoordinated and asynchronous user transmission such as IoT.
